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Hafnium based oxides are currently leading candidates for high-k dielectrics in gate insulators and dynamic random access memory ͑DRAM͒ capacitors. A well known issue is the existence of intrinsic traps in the crystalline phases of HfO 2 .
1,2 Material engineering for practical applications of HfO 2 has therefore mainly concentrated on preventing crystallization. Two common approaches are reducing the thermal budget, as applied in stack capacitor DRAM, 3 and reducing the film thickness in transistors. 4 However, dielectrics for deep trench DRAM capacitors 5 have to withstand a high thermal budget above 1000°C because the capacitor is processed before array transistor formation. At the same time, a relatively thick dielectric is required to meet the leakage current specification ͑10 −8 -10 −7 A/cm 2 at 1 V͒. Since thicker films of HfO 2 crystallize more easily, 6 crystallization of a hafnium rich dielectric cannot be prevented in this application. Hence, optimization of the crystalline state is crucial.
When hafnium oxide is deposited at low temperature by an atomic layer deposition ͑ALD͒ process, it remains amorphous. Crystallization in bulk films occurs above 350°C. When the film thickness is reduced, the crystallization temperature increases. Crystalline HfO 2 exists in the monoclinic phase at normal pressure and temperatures below 1700°C, while a transformation into the tetragonal phase takes place at higher temperatures. However, when the crystal size is reduced to the nanometer range, increased stability of the tetragonal phase is observed even at lower temperatures due to a surface energy effect. 7 Crystallization in thin films does usually proceed by nucleation in the tetragonal phase due to this, and a subsequent transformation of the crystallites to the monoclinic phase appears during growth and cooling. The stability of the tetragonal phase can be increased by adding suitable dopants, 8 until complete stabilization at room temperature is achieved in thin films. A benefit of tetragonal films is an increased dielectric constant; that of monoclinic phase is 16-18, while a value between 28.5 ͑Ref. 9͒ and 70 ͑Ref. 10͒ is predicted for the tetragonal phase. Previous experimental studies of phase stabilization [11] [12] [13] concentrated on the dielectric constant alone. In this letter, we report the relationship between HfO 2 crystallization, leakage current, and dielectric constant and apply this understanding to improve dielectric scaling at technologically relevant thermal budget and film thickness.
HfO 2 and HfSiO x films were deposited by an ALD process using tetrakis͑ethylmethylamino͒hafnium, tetrakis͑eth-ylmethylamino͒silicon, and ozone. Si content of the films was controlled by varying flow rates of the precursors.
14 The composition was monitored by Rutherford backscattering and x-ray photoelectron spectroscopy ͑XPS͒. Blanket films for physical characterization were deposited on TiN and subsequentially annealed in N 2 at the given temperature. TiN after high temperature steps was confirmed by transmission electron microscopy and XPS. The film thickness was measured using x-ray reflectometry. Crystallinity and phase composition were determined by grazing incidence x-ray diffraction ͑XRD͒ and selective area electron diffraction. Dielectric constants were determined from the capacitance density of the dielectric on top of TiN measured by a contactless corona charge method. All further electrical characterizations were performed on metal-insulator-metal ͑MIM͒ capacitors with ALD TiN electrodes. Devices with an area of 1 ϫ 10 −4 and 2 ϫ 10 −2 cm 2 were used for capacitance and leakage current measurements, respectively, unless noted differently. Figure 1͑a͒ shows the relation between leakage current and capacitance equivalent thickness ͑CET͒ for MIM capacitors with undoped HfO 2 . Films below 7 nm thickness stay amorphous at a total thermal budget of 415°C, as confirmed by XRD ͓Fig. 1͑b͔͒. Low leakage is observed for these samples. However, an increase in thickness and thermal budget, to 7 nm and 500°C, respectively, leads to a significant degradation of the leakage current. XRD confirms that the degradation is coincident with crystallization into a predominantly monoclinic phase, with a small fraction ͑Ϸ10% ͒ of tetragonal HfO 2 . Further insight is gained from device area statistics ͑Fig. 2͒. While the leakage current density of amorphous films is independent of area and uniform across the wafer, significant nonuniformity and area dependence are observed for crystallized HfO 2 . The distribution resembles a Poisson statistic, which suggests a random area distribution of local defects with high leakage. For devices with an area of 1 ϫ 10 −4 cm 2 and below, the probability to contain a defect is smaller than 1 so that only a fraction of the devices shows increased leakage, while one or more defects are likely for larger devices.
The leakage increase can be separated into an intrinsic ͑area independent͒ and an extrinsic ͑local defects͒ contribution. We attribute the intrinsic degradation to the generation of shallow electron traps, leading to an increase of trap assisted leakage current. 15 A potential root cause is the existence of oxygen vacancies 1 in the crystalline phase. The origin of the extrinsic defects may be of mechanical nature. The presence of residual t-HfO 2 ͓Fig. 3͑b͔͒ implies that a tetragonal to monoclinic transformation took place during the crystallization. The phase transformation leads to local compressive and shear stress due to volume increase and change of crystal symmetries, 16 which can be unloaded by microcracks and roughening of the surface. Physical evidence for this effect in HfO 2 thin films has been reported. 17 The transformation into the monoclinic phase can be avoided by stabilizing the tetragonal phase. Remarkably, this can be achieved with a dopant as common as silicon oxide. 11, 18, 19 We previously determined that a minimum of 10% SiO 2 addition is required to stabilize the tetragonal phase completely and also the dielectric constant is optimized at this point. 20 Figure 3͑a͒ compares the evolution of dielectric constants of HfO 2 and Hf 0.9 Si 0.1 O 2 after different annealings. The dielectric constant of the amorphous phase is slightly above 20 for both films. The dielectric constant of pure HfO 2 reduces to 18 when crystallizing into the monoclinic phase at 500°C. The admixture of silicon increases the crystallization temperature of HfO 2 . XRD ͓Fig. 3͑b͔͒ indicates crystallization into a high symmetry phase above 700°C. Distinguishing between the cubic and tetragonal phases by XRD in thin films is difficult due to limited sensitivity and resolution. However, selective area electron diffraction from the same sample ͑published in Ref. 20͒ shows 200/ 002 splitting and a ͑112͒ diffraction peak which confirms the crystalline phase to be tetragonal. The tetragonal phase was accompanied by an abrupt increase of the permittivity to 35. A slight reduction of dielectric constant is observed at higher temperature, which may be due to oxidation of the underlying metal electrode in residual oxygen. The leakage current distribution in crystalline tetragonal Hf 0.9 Si 0.1 O 2 is independent of area ͓Fig. 4͑a͔͒, which indicates that suppression of the tetragonal to monoclinic transformation does avoid formation of local defects. A 1000 times increase of leakage current is observed during thecrystallization. Only a tenfold increase was observed during further increase of thermal budget to 1000°C, suggesting crystallization to be the main driver in the leakage current degradation. The higher permittivity of the tetragonal phase allows physical thickening of the dielectric to mitigate the leakage current increase without losing capacitance. Figure 4͑b͒ compares leakage current/CET scaling trends for amorphous HfO 2 ͑limited to 415°C͒ and crystalline Hf 0.9 Si 0.1 O 2 ͑1000°C͒. A flattening of the scaling trend is observed for crystalline HfSiO due to a change of the conduction mechanism from tunneling dominated to trap assisted. At a leakage current density of 10 −7 A/cm 2 at 1 V, relevant to DRAM, a CET below 1.3 nm is achieved. This is comparable to the electrical properties of amorphous HfO 2 at low thermal budget. These results represent a significant improvement over recent metal-insulator-semiconductor and MIM ͑Refs. 5 and 21͒ results at high thermal budget. In conclusion, excellent CET/leakage current characteristics were shown for amorphous HfO 2 . Crystallization of HfO 2 into the monoclinic phase leads to the formation of local defects with high leakage, severely limiting the applicability of m-HfO 2 as a dielectric. Stabilization of the tetragonal phase suppresses this defect mechanism while significantly enhancing the dielectric constant. The increased permittivity allows for a physically thicker film, compensating for the intrinsic leakage increase due to crystallization without capacitance loss. We suggest this strategy for HfO 2 based dielectrics in capacitors requiring high temperature stability. 
